Monacolin K and yellow pigment, produced by Monascus sp., have each been proven to be beneficial compounds as antihypercholesterolemic and anti-inflammation agents, respectively. However, citrinin, a human toxic substance, was also synthesized in this fungus. In this research, solidstate fermentation of M. purpureus TISTR 3541 was optimized by statistical methodology to obtain a high production of monacolin K and yellow pigment along with a low level of citrinin. Fractional factorial design was applied in this study to identify the significant factors. Among the 13 variables, five parameters (i.e., glycerol, methionine, sodium nitrate, cultivation time, and temperature) influencing monacolin K, yellow pigment, and citrinin production were identified. A central composite design was further employed to investigate the optimum level of these five factors. The maximum production of monacolin K and yellow pigment of 5,900 mg/kg and 1,700 units/g, respectively, and the minimum citrinin concentration of 0.26 mg/kg were achieved in the medium containing 2% glycerol, 0.14% methionine, and 0.01% sodium nitrate at 25 o C for 16 days of cultivation. The yields of monacolin K and yellow pigment were about 3 and 1.5 times higher than the basal medium, respectively, whereas citrinin was dramatically reduced by 36 times.
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Key words: Monacolin K, yellow pigment, citrinin, fractional factorial design, response surface method, Monascus Hypercholesterolemia is an important risk factor for the development of coronary artery disease and atherosclerotic lesion, which may lead to a cause of death [12] . Statin, a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, is one of the most common drugs used for the treatment of hypercholesterolemia [22] . One of five approved statins by the United States Food and Drug Administration (FDA) is monacolin K or lovastatin, a natural statin, produced by several filamentous fungi such as Aspergillus sp., Monascus sp., and Penicillium sp. [22, 31] . Monascus species can also produce several major pigments including two red pigments, two orange pigments, and two yellow pigments. Monascus pigments have been used as food coloring agents for many centuries [20, 34] . Moreover, Monascus yellow pigments, including monascin and ankaflavin, show many physiological functions, such as anti-inflammation, anticancer, and antioxidation agents [19, 33] . Recently, monascin and ankaflavin were also found to act as an antihyperlipidemic agent by reducing total cholesterol, triglyceride, and low-density lipoprotein cholesterol levels in the hamster serum, as they increased high-density lipoprotein cholesterol levels [18] .
Even though Monascus spp. synthesize many worthwhile secondary metabolites, they also produce citrinin, a mycotoxin with nephrotoxic and hepatotoxic effects in animals and humans [14, 38] . Therefore, citrinin is a serious issue in making the red yeast rice available as a safe human nutritional supplement. The maximum allowance levels of citrinin content in functional food products are authorized at 0.2 mg/kg in Japan and 2 mg/kg in Taiwan [6, 9] . However, citrinin concentrations in some commercial red yeast rice were detected to be between 0.28 and 2,458.8 mg/kg [27] .
Normally, red yeast rice is produced by solid-state fermentation (SSF) as it has several advantages over submerged liquid fermentation (SLF), such as higher monacolin K and pigment production, lower cost, and fewer requirements for downstream processes [19] . Nutrient components, especially the type and concentration of carbon sources, nitrogen sources, and fatty acids, play crucial functions in the formation of monacolin K, pigments, and citrinin [13, 19, 31, 32, 37, 40] . C-Sources, such as glycerol or ethanol, and N-sources, such as sodium nitrate (NaNO 3 ) or soybean powder, showed benefits for monacolin K production on rice cultures [40] , but different strains led to different results. Methionine and urea were reported for reducing citrinin production, but showed adverse effects in pigments [4] and monacolin K production [37] . Several N-sources, such as monosodium glutamate (MSG), NaNO 3 , ammonium, and peptone, favored pigment formation, with different effects [7, 20] . The production of these secondary metabolites were also influenced by environmental factors including temperature, moisture content, pH, cultivation time, and light [23, 25, 26, 32] .
The traditional one-factor-at-a-time method was often used for optimization of the cultivation medium and cultivation environment on production of metabolites. Unfortunately, the combination of the effect of factors was disregarded, resulting in frequent failure in the region of optimum response. Statistical experiment strategies such as fractional factorial design (FFD) and response surface methodology (RSM) were successfully employed for this requirement [39] . FFD is an efficacious technique for identification of the significant factors from multivariable parameters, while insignificant parameters are eliminated in order to obtain more effective production management. RSM is then used to investigate the optimum region of significant factors [21] . It has many benefits including lean experiment design space, reliability, and assisting in understanding the interactions among the factors of various concentrations and, especially, successful optimization of medium compositions and fermentation process parameters [28, 29] .
A numbers of studies have been performed by using RSM on nutritional and/or physical factors with respect to monacolin K [25, 26, 31, 37] and/or citrinin [37] . Most of these studies were concerned with the reduction of citrinin while maintaining high production of either monacolin K or pigment. However, statistical optimization for three responses, (i.e., monacolin K and yellow pigment production along with citrinin reduction) has never been studied.
Hence, the aim of this work was to identify significant nutritional and physical factors using FFD and to optimize, using RSM, the maximum production of monacolin K and yellow pigment together with the minimum production of citrinin in SSF by M. purpureus TISTR 3541, which is a high monacolin K and low citrinin producer [27] . 
MATERIALS AND METHODS

Microorganism
Preparation of Seed Cultures
Spore suspensions of M. purpureus TISTR 3541 were prepared by adding sterile water into actively growing culture on PDA and diluted to the concentration of 2×10 7 spores/ml. Sao-Hai, a non-glutinous rice, acquired from a local market in Bangkok, Thailand, was used as a solid substrate for SSF. Rice (50 g) was soaked in distilled water for 1 h and subsequently transferred to a 500-ml Erlenmeyer flask. Then, 7 ml of distilled water was added to adjust the initial moisture content of the rice to 37-40% [16] . The rice was then autoclaved at 121 o C for 15 min. After cooling, the steamed rice was inoculated with 5% (v/w) of spore suspension and cultivated at 30 o C for 7 days. After that, the red yeast rice was ground and used as a koji culture.
Solid-State Fermentation
In a basal medium, 10 g of pre-soaked rice was transferred to each Petri dish, and then 4 ml of distilled water was added in order to adjust the moisture content to 40-42%. After steaming at 121 o C for 15 min, the steamed rice was inoculated with 2% (w/w) of the koji culture. After cultivation at 30 o C for 15 days, the red yeast rice was dried at 50 o C until the final moisture content was less than 10% (dry basis) and then ground and sieved through 80 mesh [35, 41] . The concentrations of biomass, monacolin K, citrinin, and yellow pigment were analyzed.
In the optimization experiments, red yeast rice was prepared as previously described, except that the distilled water was replaced by the nutrients broth according to Table 1 or Table 3 . At the end of the cultivation, the concentrations of biomass, monacolin K, citrinin, and yellow pigment were determined.
Screening of Nutrient and Physical Factors Using Fractional Factorial Design
Ten nutrient parameters [including three carbon sources: ethanol, glucose, and glycerol; five nitrogen sources: MSG, methionine, peptone, ammonium chloride (NH 4 Cl), and NaNO 3 ; two fatty acids: octanoic acid and dodecanoic acid; and three physical parameters temperature, moisture content, and cultivation time] were selected to test their significant effect on monacolin K, yellow pigment, and citrinin production. Each independent variable was investigated at two levels; high concentration (+) and low concentration (-) [7, 20, 37, 40] , as shown in Table 1 . According to the 2-level FFD concept, in resolution III with the design of 1/512 fraction of the full factorial design, a 2 13-9 FFD was considered as 2 4 = 16 treatments, and six central point treatments were applied in the matrix to estimate the error of experimental design. The 22 treatments were organized in the FFD matrix as shown in Table 2 . Experimental data were analyzed by the statistical method of FFD. The main effects of each variable were investigated. The significant effects of each variable on the desired products were determined at a confidence level above 95%.
Optimization of the Significant Factors with Central Composite Design (CCD)
Five main factors, namely glycerol, methionine, sodium nitrate, temperature, and cultivation time, which affected the promotion of monacolin K and yellow pigment and the reduction of citrinin production, were optimized using CCD of the response surface method. These variables were tested at five codes including -2, -1, 0, +1, +2. Each variable was coded as shown in Eq. (1):
where x i is the value of a coded variable, X i is the real value of the variable, X 0 is the real value of the variable at the center point, and ∆X i is the step change value. The levels of each variable are shown in Table 3 . According to the half CCD design, five factors augmented in a total of 32 treatments were conducted with 6 treatments of the center point in the CCD matrix to estimate the pure experiment from uncertain variation. The CCD matrix is illustrated in Table 5 . Table 2 . Experimental design of the 2-level FFD.
No.
Components The experimental results were fitted with the second-order polynomial model by a multiple regression technique as follows: (2) where Y 1 , Y 2 , and Y 3 are the predicted response yields of monacolin K, yellow pigments, and citrinin, respectively, and β 0 are constant coefficients, β i are linear coefficients, β ii are the quadratic coefficients, β ij are the second-order interaction coefficients of the model, and x i , x j are independent variables in the form of the coded values. The significance of the regression coefficients was analyzed by a Student's t-test. The models were evaluated in terms of statistical significant coefficient using Fisher's test, whereas the quality of fit of the polynomial model was expressed by the coefficient of determination (R
2
). The significant effects of the coefficient on desired production were determined at a confidence level above 95%.
Analytical Techniques Biomass determination. Glucosamine was used as an indicator for Monascus growth, since glucosamine, in the form of chitin, presents in the cell walls of most fungi. Glucosamine content was converted to fungal biomass through the conversion factor determined by using the membrane culture technique [1] .
M. purpureus was cultivated on cellulose acetate membrane, which was placed on potato dextrose agar (PDA). During cultivation, the membrane was peeled off and dried at 50 o C for 24 h. The dry weight of fungal biomass was determined according to the method of Aidoo et al. [1] . The growth standard equation of M. purpureus TISTR 3541 is y = 0.0249x (R 2 = 0.96), where y is the biomass (g), and x is the glucosamine content (mg).
Quantitative Analysis of Monacolin K, Citrinin, and Yellow Pigment Concentrations
The concentrations of monacolin K, citrinin, and yellow pigment were determined by the methods described by Panda et al. [25] , Lee et al. [19] , and Babitha et al. [3] , respectively.
RESULTS AND DISCUSSION
Variations of Growth and Secondary Metabolites in Red Yeast Rice
The profiles of monacolin K, yellow pigment, and citrinin formation showed typical idiophase (production phase of secondary metabolites) (Fig. 1) [11] . The production of monacolin K, yellow pigment, and citrinin started to increase after 3 days of fermentation, while a slow growth rate was occurring. At 15 days of fermentation, the concentrations of monacolin K and yellow pigment were 1,800 mg/kg substrate dry weight (sdw) and 1,100 OD units/g sdw, respectively. However, a high concentration of citrinin was also obtained at 9.53 mg/kg sdw on day 15. This indicated that the fermentation of red yeast rice on basal medium without adding any nutrients leads to low concentrations of monacolin K and yellow pigment and high concentrations of citrinin. Hence, it is necessary to improve the quality of red yeast rice, especially to prevent citrinin production, while maintaining high monacolin K and yellow pigment concentrations.
Many previous researches added metabolic inhibitors to cut off the metabolic pathway of citrinin by Penicillium [2, 36] . The biosynthetic pathway of monacolin K, pigments, and citrinin by Monascus sp. share common intermediates in the polyketide pathway. Thus, metabolic inhibitors that cut off the citrinin pathway could also affect monacolin K and yellow pigment. Currently, media and process optimization using statistical methodology have been employed to 2 mg/kg) . Thus, medium optimization is a promising method to prevent high citrinin production, while maintaining high monacolin K and yellow pigment in M. purpureus without the mutation or genetic engineering of the Monascus strain, which might cause public apprehension over product safety in an industrial-scale production.
The statistical analysis of FFD on monacolin K concentrations shows that variations in the levels of glycerol, methionine, NaNO 3 , cultivation time, and temperature significantly affected its production. The estimated effect of cultivation time was positive, whereas glycerol, methionine, NaNO 3 and temperature gave negative estimated effects ( Fig. 2A) . Considering the production of yellow pigment, the results showed that yellow pigment was significantly affected by glycerol, methionine, NaNO 3 , and cultivation time (Fig. 2B) . Within the tested concentration range, the estimated effect of cultivation time was positive, whereas the estimated effects of glycerol, methionine, NaNO 3 , and temperature were negative contributions to the response.
Citrinin production was significantly influenced by the cultivation time with positive effect (Fig. 2C) . The confidence level of the other factors, namely ethanol, glucose, glycerol, MSG, methionine, peptone, NaNO 3 , NH 4 Cl, octanoic, dodecanoic, moisture content, and temperature, were lower than 95%.
In interpretation of the fractional factorial results, if the estimated effect of a variable is positive, it suggests that the changes from low to high level will increase the production. On the contrary, a negative estimated effect means that changes from a low to high level will decrease the production [15] . Hence, these suggested that the cultivation time cloud be kept within the range of high level (+1) for promoting monacolin K and yellow pigment. Citrinin was also promoted while glycerol, methionine, NaNO 3 , and temperature could be kept within the range of low level (-1) in order to achieve the high amounts of monacolin K concentrations as well as yellow pigment.
Among the carbon sources used, only glycerol was a significant parameter for monacolin K and yellow pigment production with a negative effect ( Figs. 2A and 2B ). Rapidly utilized carbon sources (e.g., glycerol) can cause a catabolite repression effect on secondary metabolites biosynthesis [8, 11] . However, many studies showed that the production of secondary metabolites such as monacolin K can be promoted by a medium containing both simple carbon sources (e.g., glycerol or ethanol) and slowly utilized carbon sources such as polysaccharides at the optimum concentration [37, 40] . Xu et al. [40] reported that a high yield of monacolin K can be obtained in the presence of 3% (v/w) glycerol in rice culture by M. ruber, but monacolin K was not promoted at a high concentration of glycerol [10% (v/w)]. NaNO 3 showed a high contribution on monacolin K and yellow pigment production with negative effect (Figs. 2A  and 2B ). An increase in concentration of NaNO 3 (0.01% to 0.3%) in rice culture reduced the production of monacolin K and yellow pigment, but favored growth (data not shown). Many secondary metabolic pathways are negatively affected by nitrogen sources, which are a benefit for growth [30] owing to the specific mechanisms regulating the onset of secondary metabolites synthesis that are repressed during the growth phase or trophophase [11] . An optimum concentration of NaNO 3 was important for the enhancement of monacolin K and pigment production [32, 40] . Su et al. [32] observed that 0.1% (w/w) NaNO 3 as a nitrogen source gave higher monacolin K production over yeast extract, peptone, MSG, and ammonium sulfate in rice substrate. Moreover, Xu et al. [40] evidenced the maximum monacolin K concentration when 0.1% or 0.2% (w/w) NaNO 3 was used compared with yeast extract, peptone, and ammonium sulfate in SSF.
Methionine was also a significant factor and revealed an adverse effect on the biosynthesis of monacolin K and yellow pigment ( Figs. 2A and 2B ). Methionine concentrations within the range investigated (0.01% to 0.5%) suppressed the formation of monacolin K and yellow pigment. The results also showed the greater negative impact on production of citrinin concentrations with a confidence level of 90%. A possible explanation is that a low concentration of methionine could provide more available S-adenosyl methionine (SAM), which is a precursor in monacolin K biosynthesis and is synthesized from methionine and ATP, to consequently promote monacolin K formation. The proliferation of toxic hydrogen sulfite in cells, resulting from metabolism of methionine at high concentration, may prevent the synthesis of monacolin K, yellow pigment, and citrinin. The previous studies reported that hydrogen sulfide at submicromolar concentrations inhibited cell growth by binding the metal center of mitrochondrial cytochrome oxidase, thus preventing cellular respiration [5, 10] . This result agreed with the finding of Wang et al. [37] , who found that low yields of monacolin K and citrinin were obtained in the presence of methionine at concentrations of 0.5% or 1% (w/w) in rice culture. The optimum concentration of methionine shows high potential in reducing citrinin, whereas monacolin K and yellow pigment formation are still maintained.
Apart from nutritional parameters, physical parameters, such as temperature and cultivation time, also have influences on the formation of secondary metabolites. An increase of temperature showed the promotion of growth (data not shown), while it decreased monacolin K production. It was reported that the optimum temperature for the maximum secondary metabolites production is usually lower than that required for growth [11] . However, various optimum temperatures favorable for monacolin K production were observed. For example, Panda et al. [25, 26] as well as Su et al. [32] obtained high yields of monacolin K at the temperature of 30 o C by M. purpureus MTCC 369 and M. purpureus CCRC 31615 in SSF. However, Manzoni and Rollini [22] suggested that an optimum temperature of monacolin K production was observed at 25 Cultivation time was also found to be a significant positive parameter. When cultivation time increased, cell growth and production of secondary metabolites also increased. Panda et al. [25, 26] , as well as Teng and Feldheim [35] observed that an appropriate cultivation time for monacolin K and pigment synthesis was obtained in 14-15 days, while citrinin formation was also enhanced at the same range of cultivation time [37] . This is because the metabolic pathways of monacolin K, pigment, and citrinin are closely associated. However, the concentration of monacolin K, pigment, and citrinin can be controlled with an optimum cultivation time.
Optimization of the Significant Factors with Central Composite Design Five significant factors (glycerol, methionine, NaNO 3 , temperature, and cultivation time) were optimized for promoting monacolin K and yellow pigment along with reduction of citrinin production using CCD of RSM.
The results of the CCD with 5 factors in 32 treatments are shown in Table 5 . The monacolin K concentrations varied from 56.73-7,182.66 mg/kg sdw with different combinations. In addition, the yellow pigment produced up to 2,462.09 OD units/g sdw, while citrinin yields varied from 0.0058-0.9308 mg/kg sdw.
The results of monacolin K, yellow pigment, and citrinin concentrations in each run were statistically analyzed, as shown in Table 6 . Cultivation time and temperature showed strong linear effects on the synthesis of monacolin K, yellow pigment, and citrinin. NaNO 3 also showed linear effects on yellow pigment. These expressed the great importance of cultivation time and temperature on the production of all three metabolites, while NaNO 3 as a nitrogen compound had more influence on yellow pigment production. In addition, a significant interaction was expressed between temperature and cultivation time with respect to monacolin K, yellow pigment, and citrinin. One quadratic term of temperature was also noted to have a significant effect on the production of monacolin K, yellow pigment, and citrinin.
To determine the optimum level of glycerol, methionine, NaNO 3 , temperature, and cultivation time for maximum production of monacolin K and yellow pigment and minimum production of citrinin, multiple regression analysis gave the second-order polynomial model Eq. (3) (4) (5) where Y 1 , Y 2 , and Y 3 are the concentrations of monacolin K (mg/kg sdw), yellow pigment (OD units/g sdw), and citrinin (mg/kg sdw), respectively. D, E, H, L, and N are the coded variable of NaNO 3 , methionine, glycerol, temperature, and cultivation time, respectively. Table 7 shows the analysis of variance (ANOVA) of CCD regression for the production of monacolin K, yellow pigment, and citrinin. The Fisher's F-test of regression was significant on monacolin K (p model = 0.039), yellow pigment (p model = 0.039) and citrinin (p model = 0.033), which meant that the second-order polynomial models were highly sufficient for estimating the response surface design. The values of determination coefficient (R 2 ) of regression were 0.838, 0.838, and 0.845 for production of monacolin K, yellow pigment, and citrinin, respectively. This implied that 83.8%, 83.8%, and 84.5% of variations in the response can be explained by the models. The predicted determination coefficient (R 2 ) of monacolin K, yellow pigment, and citrinin were observed at 0.897, 0.914, and 0.919, respectively (data not shown), which confirmed the significance of the models. The normal probability plot of the residuals of citrinin (Fig. 3) , monacolin K, and yellow pigment (data Table 6 . Regression results from the data of CCD for monacolin K, yellow pigment, and citrinin. not shown) showed a straight line, which indicated a great departure from normality, which was independent of the residuals and normality in the error terms [39] . The three-dimensional response surface curves were plotted from polynomial models. Figs. 4A-C show the response surface plots of temperature and cultivation time on the production of monacolin K, yellow pigment, and citrinin, while the other factors were kept at the middle level. It is obvious that an increase in the level of cultivation time from 10 to 22 days along with a decrease of temperature from 34 to 22 o C favored monacolin K and yellow pigment formation, and citrinin. The biosynthesis of monacolin K, yellow pigment, and citrinin showed similar trends under the same environmental condition owing to all these secondary metabolites that are synthesized via the same polyketide pathway [13, 17, 24] .
However, the contour plots revealed that adding 1.5-2.5% glycerol with a cultivation time between 16 and 19 days strongly induced monacolin K formation. Adding 0.01-0.25% NaNO 3 with the same range of cultivation time also showed favor for monacolin K and yellow pigment biosynthesis (data not shown). Under these conditions, citrinin was maintained at a low level because of limiting cultivation time. The optimized nutrients (glycerol and NaNO 3 ) and cultivation time could provide a physiological balance between growth and monacolin K and yellow pigment production in Monascus, but could delay citrinin production. Moreover, it was found that an increase in concentration of methionine (0 to 0.48%) significantly decreased citrinin formation, as well as monacolin K, yellow pigment, and growth owing to the proliferation of hydrogen sulfide from methionine metabolism, as previously mentioned.
From the polynomial models, the maximum amounts of monacolin K and yellow pigment and minimum citrinin can be obtained by cultivating the inoculated rice substrate supplemented with 2% glycerol, 0.14% methionine, and 0.01% NaNO 3 for 16 days at 25 o C. Under this optimized condition, the predicted concentrations of monacolin K and yellow pigment were 6,500 mg/kg sdw and 2,200 OD units/g sdw, respectively, while citrinin was 0.14 mg/kg sdw. 
Validation of the Model Under Optimized Conditions
The validation was carried out under optimized conditions. The yields of monacolin K, yellow pigment, and citrinin of 5,900 mg/kg sdw, 1,700 OD units/g sdw, and 0.26 mg/kg sdw, respectively, were obtained. These experimental results were in agreement with the predicted values of monacolin K, yellow pigment, and citrinin concentrations of 6,500 mg/kg sdw, 2,200 OD units/g sdw, and 0.14 mg/kg sdw, respectively. In a basal medium, the concentrations of monacolin K, yellow pigment, and citrinin of 1,800 mg/kg, 1,100 units/g, and 9.53 mg/kg were obtained. Therefore, the yields of monacolin K and yellow pigment increased by 3 and 1.5 fold, respectively, while citrinin reduced by 36 fold after validation under optimized conditions as compared with a basal medium. The production of monacolin K at the optimized condition was much higher than that reported by Panda et al. [25, 26] , Su et al. [32] , Wang et al. [37] , and Xu et al. [40] in SSF, whereas yellow pigment production was also higher than that studied by Babitha et al. [3] , Lee et al. [19] , and Pattanagul et al. [27] . Moreover, the citrinin concentration was kept at a lower concentration than that of the standard of specification on citrinin content for functional food products in Taiwan (< 2 mg/kg) [9] .
In conclusion, this work successfully employed twostage statistical approaches, FFD and CCD. The study has been proven to be a highly effective method to optimize monacolin K and yellow pigment production and citrinin reduction in SSF on rice by M. purpureus TISTR 3541. In the optimized medium containing 2% (v/w) glycerol, 0.14% (w/w) methionine, and 0.01% (w/w) NaNO 3 at 25 o C for 16 days, the fungus yielded monacolin K, yellow pigment, and citrinin of 5,900 mg/kg sdw, 1,700 OD units/g sdw, and 0.26 mg/kg sdw, respectively. The results showed a surprisingly low citrinin and high monacolin K and yellow pigment as compared with unoptimized medium. This condition can be used as an important reference for further research involving monacolin K, yellow pigment, and citrinin production in SSF.
